The rapid and temporary suppression of reproductive behavior is often assumed to be an important feature of the adaptive acute stress response. However, how this suppression operates at the mechanistic level is poorly understood. The enzyme aromatase converts testosterone to estradiol in the brain to activate reproductive behavior in male Japanese quail (Coturnix japonica). The discovery of rapid and reversible modification of aromatase activity (AA) provides a potential mechanism for fast, stressinduced changes in behavior. We investigated the effects of acute stress on AA in both sexes by measuring enzyme activity in all aromatase-expressing brain nuclei before, during, and after 30 min of acute restraint stress. We show here that acute stress rapidly alters AA in the male and female brain and that these changes are specific to the brain nuclei and sex of the individual. Specifically, acute stress rapidly (5 min) increased AA in the male medial preoptic nucleus, a region controlling male reproductive behavior; in females, a similar increase was also observed, but it appeared delayed (15 min) and had smaller amplitude. In the ventromedial and tuberal hypothalamus, regions associated with female reproductive behavior, stress induced a quick and sustained decrease in AA in females, but in males, only a slight increase (ventromedial) or no change (tuberal) in AA was observed. Effects of acute stress on brain estrogen production, therefore, represent one potential way through which stress affects reproduction. (Endocrinology 152: 0000 -0000, 2011) I t is often assumed that one key feature of the adaptive stress response in vertebrates is the quick and reversible suppression of reproductive behavior that allows the animal to escape and recover from the immediate threat of a stressor (1, 2). Perception of a noxious stimulus, a stressor, induces an increase in glucocorticoids [primarily corticosterone (CORT) in avian species] resulting from a cascade of signaling hormones through the hypothalamic-pituitary-adrenal axis (3). The acute stress response and elevation in glucocorticoids have been linked to suppression of sexual behaviors in mammals (4, 5), amphibians (6, 7), and birds (8), but how stress produces these behavioral effects at the mechanistic level remains unclear.
The rapid and temporary suppression of reproductive behavior is often assumed to be an important feature of the adaptive acute stress response. However, how this suppression operates at the mechanistic level is poorly understood. The enzyme aromatase converts testosterone to estradiol in the brain to activate reproductive behavior in male Japanese quail (Coturnix japonica). The discovery of rapid and reversible modification of aromatase activity (AA) provides a potential mechanism for fast, stressinduced changes in behavior. We investigated the effects of acute stress on AA in both sexes by measuring enzyme activity in all aromatase-expressing brain nuclei before, during, and after 30 min of acute restraint stress. We show here that acute stress rapidly alters AA in the male and female brain and that these changes are specific to the brain nuclei and sex of the individual. Specifically, acute stress rapidly (5 min) increased AA in the male medial preoptic nucleus, a region controlling male reproductive behavior; in females, a similar increase was also observed, but it appeared delayed (15 min) and had smaller amplitude. In the ventromedial and tuberal hypothalamus, regions associated with female reproductive behavior, stress induced a quick and sustained decrease in AA in females, but in males, only a slight increase (ventromedial) or no change (tuberal) in AA was observed. Effects of acute stress on brain estrogen production, therefore, represent one potential way through which stress affects reproduction. (Endocrinology 152: 0000 -0000, 2011) I t is often assumed that one key feature of the adaptive stress response in vertebrates is the quick and reversible suppression of reproductive behavior that allows the animal to escape and recover from the immediate threat of a stressor (1, 2) . Perception of a noxious stimulus, a stressor, induces an increase in glucocorticoids [primarily corticosterone (CORT) in avian species] resulting from a cascade of signaling hormones through the hypothalamic-pituitary-adrenal axis (3) . The acute stress response and elevation in glucocorticoids have been linked to suppression of sexual behaviors in mammals (4, 5) , amphibians (6, 7) , and birds (8) , but how stress produces these behavioral effects at the mechanistic level remains unclear.
Here, we investigate one possible mechanism underlying the influence of the stress response on reproductive behavior by focusing on stress-related changes in brain aromatase activity (AA). The potential for rapid changes in AA in the male hypothalamic/preoptic area (HPOA) has been well established in the context of sexual interaction with a female (9, 10) .
Aromatization of testosterone (T) into 17␤-estradiol (E 2 ) is a critical element in the activation of most aspects of male reproductive behavior in mammalian and avian species (11) . AA is controlled by mechanisms acting in two time domains: 1) in the long term (hours to days), the concentration and activity of the enzyme are controlled by genomic actions of steroids, which modulate the transcription of the aromatase gene; and 2) in the short term, the activity of existing enzymatic molecules changes rapidly (minutes) after exposure in vitro to phosphorylating conditions or neurotransmitters, such as glutamate, or after exposure to and sexual interaction with a receptive female in vivo (12, 13) .
Interestingly, rapid up-regulation or down-regulation of brain estrogen content (via acute injection of E 2 or an aromatase inhibitor) modulates in parallel (stimulate or inhibit, respectively) the expression of sexual behavior in quail or mice (14 -16) . Rapid changes in brain AA and consequently in local E 2 concentrations thus represent a plausible link between exposure to acute stress and inhibition of reproductive behavior.
To clarify the potential role of aromatase in linking the stress response and sexual behavior, we tested the temporal effects of acute stress on AA in brain nuclei that contain dense populations of aromatase-expressing neurons (17) . We identified anatomicaly discrete and sex-specific up and down-regulations of enzymatic activity that are likely to mediate at least in part effects of stress on reproductive behavior.
Materials and Methods

Animals
A total of 103 Japanese quail (Coturnix japonica) were used (females, n ϭ 51 and males, n ϭ 52). This species has been well established as an important model species for studying the aromatase system (11, 18) . All experiments were conducted on 10-to 14-wk-old quail raised from eggs obtained from our breeding colony. All birds were maintained on a long day photoperiod (16 h light and 8 h dark) and kept gonadally intact. Birds were provided with food and water ad libitum. Experiments complied with the Belgian laws on the Protection of Experimental Animals and were approved by the Ethics Committee for the Use of Animals at the University of Liège (protocol no. 1027).
Stress protocol
Birds of each sex were randomly assigned to one of five groups: baseline (represented here as 0 min), 5, 15, or 30 min of stress and 30 min of stress plus 30 min of poststress recovery (represented here as 60 min). In all stress groups (5, 15, 30 , and 60 min), quail were restrained for the specified duration in a restraint cage (similar to the cage described in Ref. 19 ) made of a metal cylinder (10-cm diameter ϫ 16-cm length) that was shown in preliminary tests to cause a significant elevation in plasma CORT concentrations. Birds in the 60-min group were placed for 30 min in the restraint cage and then released to their home cage and sampled 30 min later.
At the specified time for each group, blood samples (between 0.1 and 0.5 ml) were collected from both brachial and jugular veins to allow an assessment of potential differences between peripheral and central hormone concentrations, respectively (20) . Immediately after blood sample collection, birds were killed and the brain dissected from the skull and rapidly frozen on dry ice. These samples were also stored at Ϫ80 C until assayed.
Blood samples and brains were collected as quickly as possible, with all samples (in the order of brachial, jugular, and brain) obtained and brain placed on dry ice within 4 min from the time the bird was removed from the cage. Latency between removal from the restraint cage and sample collection was on average 1 min, 1 min 40 sec, and 3 min for brachial or jugular blood and brain, respectively (maximum lower than 2 min, 3 min 30 sec, and 4 min, respectively). Follow-up studies have demonstrated that patterns in AA observed here do not differ from those seen in birds immediately killed and not subjected to blood sampling. Birds were not anesthetized to prevent neurochemical changes and additional time under stress. All sampling was conducted in the morning between 0900 and 1200 h.
Micropunch dissections
To determine how AA in individual brain nuclei responded to stress, the following brain nuclei were targeted for collection using a modified Palkovits punch technique (21) that had been validated for use with quail (22, 23) : the medial preoptic nucleus (POM), medial portion of the bed nucleus of the stria terminalis (mBST), nucleus taeniae of the amygdala (TnA), ventromedial (VMN) and tuberal (Tub) hypothalamus, and the periacqueductal gray (PAG). Tissue collection was guided by the knowledge of the exact location of these populations of aromatase-expressing cells (17) and the micropunch technique is thoroughly described in Ref. 23 . Punches were expelled into a frozen Eppendorf tube using a cold air filled syringe, kept frozen, and maintained at Ϫ80 C until assayed.
AA assay
As described in Cornil et al. (23) , micropunches were homogenized in 120 l of ice-cold buffer [150 mM KCl, 1 mM Na-EDTA, and 10 mM Tris-HCl (pH 7.2)] using a glass pestle specifically fitting 1.5-ml Eppendorf tubes. AA was determined by measuring the production of tritiated water associated with the conversion of [1␤-
3 H]-androstenedione into estrone (24, 25) . This assay has been thoroughly described in published studies, most recently in Cornil et al. (23) . Samples were randomly assigned to and run within nine assays, each containing multiple internal controls [HPOA homogenates expressing high (male) or low (female) AA]. The intraassay coefficient of variability was less than 5.3%, whereas the interassay coefficient of variation was less than 4.5%.
To account for differences in the amount of tissue actually obtained from the micropunches, results were corrected for protein concentrations. A commercially available Coomassie Plus Protein Assay reagent (Pierce, Rockford, IL) was used to determine protein content using 10 l of the micropunch homogenates (duplicates of 5 l). All results are, therefore, expressed as a measure of pmol of aromatization product ϫ h Ϫ1 ϫ mg protein Ϫ1 .
CORT and T enzyme immunoassays (EIA)
Circulating concentrations of steroids were assayed using EIA kits (Cayman Chemical Co., Ann Arbor, MI). First, we validated each kit using a procedure similar to that described in Washburn et al. (26) . Two pooled samples were used, one with high expected concentrations (stressed individuals for CORT and males for T) and one with low expected concentrations (baseline samples for CORT and females for T). To test for parallelism, these samples were serially diluted and compared with the standard curve of the assay. For CORT, we used unextracted plasma samples as well as samples that had been extracted from the plasma using dichloromethane (for details, see below). We determined that, at lower dilution factors, substances in the plasma interfere with the assay such that extraction is required to obtain an accurate measurement. We also tested the accuracy of the assays by adding known amounts of steroids to these samples. These tests demonstrated that these assays accurately and reliably quantify CORT and T in extracted plasma samples from quail. The cross-reactivity for the CORT antiserum as reported by Cayman is 100% with CORT, 11% for 11-dehydrocorticosterone, 7% for 11-deoxycorticosterone, and less than 1% for other steroids. The cross-reactivity for the T antiserum as reported by Cayman is 140% with 19-nortestosterone, 100% for T, 27% for 5␣-dihydrotestosterone, 19% for 5␤-dihydrotestosterone, and less than 5% for all other steroids.
CORT was assayed by EIA in both brachial and jugular samples. CORT was extracted from the protein component of the plasma using dichloromethane and dried at 37 C under a stream of nitrogen gas. Samples were reconstituted to a 1:20 dilution using EIA buffer supplied with the kit. Samples were run in duplicate and randomly assigned to one of five plates. The intraassay coefficient of variability was less than 5.5%, and the coefficient of variation between plates was less than 9%. Sensitivity of the EIA as determined from the lowest reliable value detectable when samples were diluted at a 1:20 dilution factor was lower than 0.75 ng/ml.
T was assayed by EIA in jugular samples after extraction by the same protocol as described before for CORT. The dried steroid was also reconstituted to a 1:20 dilution using EIA buffer supplied with the kit. Samples were assayed in duplicate and randomly assigned to one of three plates, which were all run in the same assay. For each plate, the intraassay coefficient of variability was less than 3.5%, and the coefficient of variation between plates was less than 15%. Sensitivity of the EIA as determined from the lowest reliable value detectable when samples were diluted at a 1:20 dilution factor was lower than 0.25 ng/ml.
Statistical analysis
All measures of AA and plasma steroid concentrations were analyzed with Prism, version 4.0b (2004; GraphPad Software, Inc., San Diego, CA) or with SuperA-NOVA (Abacus Concepts, Inc., Berkeley CA) by appropriate two-or three-way ANOVA. When appropriate, additional paired comparisons were carried out using the post hoc Bonferroni test. Individual steroid concentrations and AA in specific brain nuclei were compared by linear regression analyses using JMP, version 5 (2005; SAS Institute, Cary, NC).
Data points were removed if histological analysis revealed that punches had been performed at an erroneous anatomical location (each punch quantified on a four-point qualitative scale from 0 to 3 with only those with totals of zero or near zero removed), if technical issues were noted for the assay (such as very low protein content in the AA assay or noted sample problems in the EIA) or if results could be considered as outliers (more than two SD away from the mean for each group). The number of data deleted for these reasons was small (less than 5% for each analysis) and evenly distributed in experimental groups and sexes. All data are presented by their mean Ϯ SEM.
Results
Effects of acute stress on AA
We investigated three aspects of the AA response to stress: time course, sex specificity, and anatomical specificity. Data were analyzed for each nucleus by a two-way ANOVA with the sex of the subjects and the different durations of stress (time) as independent factors. As expected from previous studies, there were clear sex differences in the level of AA in most brain nuclei with males consistently showing elevated AA compared with females. Specifically, these sex differences were significant in the POM (F 1,86 ϭ 42.1, P Ͻ 0.0001), mBST (F 1,88 ϭ 22.59, P Ͻ 0.0001), VMN (F 1,81 ϭ 12.36, P ϭ 0.0007), Tub (F 1,80 ϭ 16.89, P Ͻ 0.0001), and TnA (F 1,80 ϭ 5.99, P ϭ 0.015) but not in the PAG (F 1,90 ϭ 0.06, P ϭ 0.81).
Inspection of overall trends in the graphed data indicates that changes in AA due to stress varied according to the brain region and sex. Although in the POM AA increased in response to stress in both sexes (Fig. 1) , in the hypothalamic nuclei, AA increased transiently (VMN) or showed no change (Tub) in response to stress in males but decreased in response to stress in females (Fig. 2) . Additionally, AA did not appear to be reliably affected by stress in the two aromatase-expressing nuclei outside of the HPOA (TnA and PAG) (Fig. 3) . These qualitative changes were largely confirmed by the statistical analyses.
Changes of AA in POM and mBST
In the POM (Fig. 1A) , there was an overall significant effect of stress duration on AA (F 4,86 ϭ 3.56, P ϭ 0.01) and no significant interaction between sex and stress duration (F 4,86 ϭ 1.39, P ϭ 0.24), suggesting that exposure to stress similarly affects (increases) AA in both males and females.
Because there was a duration and sex effect, we ran Bonferroni post hoc tests comparing AA at different time points with the baseline values (zero time point) and found significant differences in males at 5, 15, and 30 min of stress, whereas parallel comparisons indicated no significant difference in females, suggesting that there may be subtle differences in how male and female AA responds to stress in the POM. Additionally, post hoc Bonferroni tests revealed specific differences between males and females at 5 and 30 min. In the mBST (Fig. 1B) , there was neither a significant effect of stress duration (F 4,88 ϭ 1.52, P ϭ 0.20) nor an interaction between sex and stress duration (F 4,88 ϭ 1.4, P ϭ 0.24). Because there were overall sex differences in AA (see before), we ran post hoc analyses to determine which time points were driving this effect and found statistical differences between males and females at 5 and 60 min, suggesting only minor sex differences between the time course of AA changes in response to stress.
To summarize, in the male POM, the increase of AA was rapid (within 5 min), persisted for the whole duration of the stress period (30 min), and returned to baseline at 60 min. Although the twoway ANOVA suggested that changes were similar in the female POM, graphical inspection suggests that increases were less prominent, delayed, and not fully synchronized with the stress period (e.g. numerical increase in the female POM and apparent return to baseline before end of stress at 30 min). Numerically, similar patterns of increases in AA were observed in mBST, but these apparent changes were not statistically significant.
Changes of AA in VMN and Tub
Qualitative observations of the average data suggest that in both aromatase-expressing nuclei of the hypothalamus, AA showed similar responses to stress such that in the VMN and Tub, stress resulted in a marked and prolonged decrease of AA in females but a slight transient increase or lack of effect in males. These effects were largely confirmed by statistical analyses.
In the VMN ( Fig. 2A) , although there was no significant overall effect of stress duration (F 4,81 ϭ 1.63, P ϭ 0.17), there was a significant interaction between sex and stress duration (F 4,81 ϭ 2.69, P ϭ 0.04), indicating that directionality of stress-induced AA change is different in males and females. Bonferroni post hoc tests indicated that AA was significantly increased at 15 min in males only, which may account for the significant difference between males and females at that time point. Changes of AA in the Tub (Fig. 2B) were qualitatively similar to those in the VMN: although there was no significant effect of stress duration (F 4,79 ϭ 0.75, P ϭ 0.56), there was a significant interaction between sex and stress duration (F 4,79 ϭ 2.96, P ϭ 0.025), again suggesting that the directionality or magnitude of stress-induced AA change is different in males and females. Qualitatively, it appears that the decrease of AA in the female Tub occurs rapidly (within 5 min) and is maintained beyond stressor cessation. Post hoc tests indicated that the decrease was significant for the 15-, 30-, and 60-min time points. This decrease resulted in a significant sex difference at 15 and 30 min. To summarize, the qualitative patterns of AA changes in the VMN and Tub suggest that 30 min of restraint stress continuously inhibit AA in females and that enzymatic activity fails to return to baseline at 30-min poststressor. In contrast, only transient increases (VMN) or no change (Tub) in AA was observed in males. Statistical analysis, however, only demonstrates a differential average AA between sexes (see before) and a significant interaction between sex and stress duration. This observed pattern of differential changes in males and females contrasts with the results observed in the POM and mBST.
Changes of AA in TnA and PAG
In the TnA, there was no significant effect of stress duration (F 4,80 ϭ 1.95, P ϭ 0.11) and no significant interaction between stress duration and sex (F 4,80 ϭ 0.38, P ϭ 0.82) (Fig. 3A) . Similarly, in the PAG, no significant effect of stress duration (F 4,90 ϭ 1.45, P ϭ 0.22) and no interaction between stress duration and sex (F 4,90 ϭ 1.08, P ϭ 0.37) on AA could be detected (Fig. 3B) .
Stress-induced changes in CORT
CORT concentrations were first analyzed using a threeway ANOVA with the independent factors: sex, duration of stress, and location from which the blood sample was taken (jugular vs. brachial) (Fig. 4) . As expected, stress exposure resulted in increased CORT concentrations on average in both sexes (effect of time: F 4,81 ϭ 15.24, P Ͻ 0.0001). However, there was no overall effect of sex on relative CORT concentrations (F 1,81 ϭ 0.56, P ϭ 0.46), and there was no interaction between sex and stress duration (F 4,81 ϭ 1.25, P ϭ 0.29), indicating that males and females respond to stress with the same pattern of CORT release.
Overall, CORT concentrations were significantly different between jugular and brachial samples (F 1,81 ϭ 41.49, P Ͻ 0.0001), and there was an interaction between the location of blood sampling and stress duration (F 4,81 ϭ 4.56, P Ͻ 0.005). There was also a nearly significant interaction between sex and bleeding location (F 1,81 ϭ 3.40, P ϭ 0.069), but the second-order interaction between sex, location, and stress duration was not significant (F 4,81 ϭ 1.54, P ϭ 0.20).
Jugular and brachial samples were collected at each time point to obtain some indication of CORT production in the brain. Although the brachial sample was always collected before the jugular sample, there was no correlation between the difference in an individual's jugular to brachial CORT concentration and the time that elapsed between each sample (r 2 ϭ 0.009, F 1,88 ϭ 0.81, P ϭ 0.37). We then separated data from the two sexes and ran two-way ANOVA on males and females separately to further assess the differences between jugular and brachial samples with independent factors: stress duration and sampling location. Data from males alone revealed significant effects of location (F 1,41 ϭ 8.02, P ϭ 0.007) and duration of stress (F 4,41 ϭ 7.63, P Ͻ 0.0001) with no interaction between these factors (F 4,41 ϭ 1.15, P ϭ 0.35), indicating that differences between sampling locations are similar at different time points. Bonferroni post hoc tests were then used to determine at which time points CORT concentrations were significantly affected by stress (for a given sampling location) and also to test when significant differences between sampling locations were present. These tests indicated that jugular and brachial CORT concentrations were significantly elevated at the 15-and 30-min time points, but no significant difference between locations could be detected at all times considered (see details in Fig. 4) .
The two-way ANOVA of female data similarly identified overall effects of location (F 1,40 ϭ 27.6, P Ͻ 0.0001) and stress duration (F 4,40 ϭ 8.03, P Ͻ 0.0001), but here, there was a significant interaction between these two factors (F 4,40 ϭ 3.81, P ϭ 0.01). Post hoc tests revealed that this interaction is essentially driven by significant differences between jugular and brachial samples at 5 and 30 min. In addition, Bonferroni post hoc tests analyzing Endocrinology, November 2011, 152(11):0000 -0000 endo.endojournals.orgwhich time points were different revealed significant increases in plasma CORT at 15 and 30 min for both locations. In agreement with the presence of a difference between jugular and brachial samples, at 30 min, CORT concentrations in jugular samples were elevated by comparisons with the 0-, 5-, and 15-min samples, whereas in brachial samples, only the first of these comparisons (vs. 0 min) was significant. Overall, these data confirm the effects of stress on CORT concentrations and, interestingly, demonstrate that CORT concentrations in the jugular vein are consistently higher than in the brachial plasma. This elevation suggests local production of CORT in the brain (27) that varies as a function of the duration of exposure to stress in a sex-specific manner.
Stress-induced changes in T
As expected, a two-way ANOVA identified an overall significant sex difference in T concentrations measured in the jugular plasma (F 1,81 ϭ 55.81, P Ͻ 0.0001) (Fig. 5 ). In addition, stress duration had a significant effect on T concentrations (F 4,81 ϭ 3.20, P ϭ 0.01) with no interaction between stress duration and sex (F 4,81 ϭ 0.47, P ϭ 0.76). Bonferroni post hoc tests comparing T at different time points with the baseline values (zero) revealed significance at P Ͻ 0.05 in males at 15, 30, and 60 min of stress; no significant decrease was detected for females.
Correlations between changes in brain AA and steroid plasma concentrations
Because CORT release during stress may directly affect AA, we investigated whether stress-induced changes in plasma CORT were correlated to changes in brain AA. We first computed the correlations between plasma CORT concentrations and AA levels in the four nuclei where significant changes in AA had been observed (POM, mBST, VMN, and Tub). Correlations were calculated separately for male and female data, because AA was sexually differentiated in these nuclei, and we wanted to avoid mixing variance due to sex differences to variance related to differences in plasma CORT concentrations.
As Table 1 and Fig. 6 demonstrate, in females, there was a weak positive correlation between POM AA and CORT in both sample locations, but there were no correlations in the other brain nuclei. In males, there were no significant correlations between brachial or jugular CORT and AA in any brain nuclei.
Due to the potential link between changes in T and changes in AA, we also calculated correlations between these data sets. In males and females no significant correlation between T concentrations and AA in any of the brain regions investigated could be detected (Table 1) .
There was also no significant correlation between CORT and T concentrations in males (brachial: r 2 ϭ 0.0008, F 1,42 ϭ 0.03, P ϭ 0.85; jugular: r 2 ϭ 0.051, F 1,42 ϭ 2.29, P ϭ 0.14) or females (brachial: r 2 ϭ 0.034, F 1,44 ϭ 1.57, P ϭ 0.22; jugular: r 2 ϭ 0.043, F 1,44 ϭ 1.98, P ϭ 0.17).
Discussion
We demonstrate for the first time, to our knowledge, that AA in the adult quail brain is rapidly modulated by stress in an anatomically and sex-specific manner. The fast time course of these effects precludes enzymatic changes that would result from catabolism and de novo synthesis of the enzyme and provides further evidence for nongenomic modification of the enzyme activity in vivo. The differential responses to the timing of the stressor (quick and reversible in males, sustained beyond stressor cessation in females) suggest a potential mechanism for sex differences in reproductive sensitivity to stressors.
Rapid effects of stress on steroid synthesis
Changes in AA due to acute stress have not been reported for other species, but acute stress has been shown to rapidly affect other steroid synthesizing enzymes in the avian brain. In male songbirds, acute stress decreases jugular dihydroepiandrosterone, a precursor for androstenedione, demonstrating that stress either decreases synthesis of this hormone or increases metabolism in the brain (20) . Activity of 3␤-hydroxysteroid dehydrogenase (3␤-HSD), the enzyme that converts dihydroepiandrosterone into androstenedione, is also rapidly modified by acute stress in songbirds in a sex-specific manner. In males, which have relatively lower baseline 3␤-HSD activity, no changes in enzymatic activity due to stress are detected, whereas females, which have relatively higher baseline 3␤-HSD activity, experience a significant suppression of this enzymatic activity after acute stress (28) . Therefore, stress can rapidly and differentially affect the brain synthesis of sex steroids that are the substrate of AA in males and females.
Stress-induced changes of AA in POM and mBST
In quail, like in mammals, POM and mBST are key sites of steroid action in the activation of male sexual motivation and copulatory behavior (29, 30) , and T action in these nuclei requires its aromatization into an estrogen (11, 31) . Note, however, that these nuclei are heterogeneous, and POM, for example, is also an important site for the regulation of temperature (32, 33) and food intake (34) . Brain estrogens affect behavior by slow genomic mechanisms, but more rapid effects (10 -45 min) have also been reported (14 -16) . The rapid, localized stress-induced changes in AA observed in our study should thus have an impact on male sexual behavior.
The direction of the changes in AA observed here is counterintuitive given the assumption that acute stress affects reproductive behavior negatively (1), and aromatase in this brain region is critical in the stimulation of male reproductive behavior, even after short latencies ranging between 15 and 30 min (15) . However, increased AA after stress as observed here has also been detected during a preliminary study in quail (11) as well as in follow-up studies (Dickens, M. J., unpublished data). In female rats, stress increased E 2 concentrations within an hour in the paraventricular nucleus and within 10 min in the jugular blood, although the origin of this increase (brain or ovary) was not identified (35) . Interestingly, the increases of AA observed here after stress contrast with the decrease of preoptic AA observed in male quail immediately after a sexual encounter (9, 10); thus, stress and sexual interactions have opposite effects. The counterintuitive nature of stress-induced increases in AA in the POM could be explained by three distinct hypotheses reflecting the direction of changes in estradiol concentrations taking place in vivo before brains are collected and assayed for AA. 1) In vitro AA measurements directly reflect increases in local estradiol in vivo. In this scenario, we would predict the functional output to be an increase in reproductive behavior. Although increases in sexual behavior after stress are unexpected, studies have shown this phenomenon; male rats exposed to a tail pinch stressor show an increase in reproductive effort immediately after the stress (36) . 2) In vitro AA measurements reflect no changes in local estradiol in vivo, because the stress-induced increases in enzymatic activity is balanced by stress-induced decreases in the enzymatic substrate, T. In this case, we would predict the output to be no change in reproductive behavior even if minor changes in behavior could result from the slight difference in the time course of changes in AA and T concentration. This balance may reflect an adapted physiological strategy to preserve sexual behavior despite stress exposure; such a trade-off between survival and reproduction is seen in a range of species when considering stress effects on the gonadal axis (2). 3) In vitro AA measurements actually reflect decreases in local estradiol in vivo. In this scenario, we would predict the output to be a decrease in reproductive behavior. Observing opposite effects in vitro as those potentially occurring in vivo could result from a rebound effect as discussed for the diametrically opposite effects observed after copulation in Ref. 9 . The increased AA could reflect the build-up of the enzyme due to the in vivo stress-induced inhibition of E 2 release and correlatively of the exocytosis of presynaptic vesicles containing aromatase. Such a build up of potentially active enzyme would thus result in an increased AA quantified in vitro.
We are currently testing these hypotheses by studying the behavioral output after the same stress protocol. Irrespective of the mechanisms leading to rapid increases of AA in the POM of stressed subjects and of their function, the present data clearly demonstrate that in vivo AA in the POM is affected by stress within min.
Stress-induced changes of AA in VMN and Tub
In female rodents, action of estrogens in the VMN is clearly important for the activation of lordosis behavior (37, 38) , and aspects of this behavior rely on nongenomic actions of estradiol (39, 40) . Estrogen action in the VMN is also important for female sexual behavior in birds: estradiol benzoate implants in the VMN activate female courtship behavior, including sexual crouch in ovariectomized female doves (41) . In female quail specifically, sexual interactions with a male increase Fos expression in the VMN and Tub, and the degree of activation is correlated with proceptive behavior (42) .
It is usually assumed that the E 2 activating lordosis behavior has an ovarian origin, and as a result, the role of aromatase in the female brain is rarely considered (see Ref. 43) . Why E 2 should be produced locally in the brain while ample production takes place in the ovary has not been addressed but might reflect a need for higher local concentrations to activate estrogen-sensitive signaling cascades (14, 44) . In female musk shrew, an induced-ovulator, T aromatization in the VMN was shown to be critical for female sexual behavior (45) , and in ovariectomized hamster, the activation of lordosis by T is blocked by injection of an aromatase inhibitor (46) . In rats, restraint stress-induced inhibition of lordosis can be reversed by systemic treatment with estrogens (47) .
Although considerable evidence links stress and CORT with reproduction, few studies have investigated the underlying physiological mechanisms, especially in females. Stress-induced depression of localized estrogen production in the VMN and Tub, as suggested by our data, may inhibit female sexual behavior, and the observed sustained suppression of AA beyond stressor cessation may result in a disruption of the hypothalamo-pituitary-gonadal axis and possibly ovulation. Interestingly, the prominent stress-induced decrease in hypothalamic AA was observed in females but not in males. The VMN is also an important site for control of food anticipation (48) , whereas the Tub plays a regulatory role in the food intake-energy regulation-sleep interaction (49) . However, given that, in females, this region is critically important for reproductive physiology and behavior, it may be a more important target for the acute stress response system to target reproductive behavior in the female brain, whereas in the male brain, the POM is a more important target for acute stress to affect reproductive behavior. Therefore, the sex-specificity of the time course of stress effects in these regions (the sustained decrease in hypothalamic AA in the female compared with the transient change in the POM of males) may explain why reproduction in females is more sensitive to environmental cues than in males (50) .
Mechanisms controlling fast changes in AA and their anatomical specificity
In vitro, AA can be decreased within min by calciumdependent phosphorylation processes presumably controlled by neurotransmitters such as glutamate or by K ϩ -induced neuronal depolarizations (13, 51) . Stress-induced changes in AA were associated here with a major increase in plasma CORT concentrations that could be a key factor affecting AA via changes in its phosphorylation status.
However, individual CORT concentrations were not correlated with brain AA (except for a weak correlation in female POM), and changes in systemic CORT alone cannot explain the sex and anatomical specificity of the enzymatic changes described here, unless CORT has differential access to specific brain nuclei in males and females which appears unlikely. Jugular CORT concentrations were, however, higher overall than in brachial samples with significance at specific time points, suggesting that CORT synthesis takes place in the brain and is affected by acute stress. Individual brain regions may thus be exposed differently to locally elevated CORT concentrations (52) . Stress might additionally modify the activity of other neuropeptides or neurotransmitters (CRH, vasotocin, norepinephrine, etc.) that could affect AA in an anatomically specific manner. Alternatively, stress might impact, via a systemic increase in CORT concentration, neurotransmitter activity of brain regions that could differentially affect AA in multiple targets based on the nature of the connections between these regions (glutamatergic vs. ␥-aminobutyric acidergic projection). These notions could be tested by researching whether aromatase neurons express receptors for glucocorticoids, CRH, or vasopressin and by functional experiments assessing the effects on local AA of stereotaxic injections of these compounds.
Irrespective of underlying mechanisms, the present study shows that acute stress induces rapid changes in brain AA in an anatomically discrete and sex-specific manner. These enzymatic changes suggest a mechanistic link between the stress response and reproductive behavior that may reflect the differential regulation underlying how males and females respond to stressful stimuli.
